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Assembly of the E. coli bacteriophage P2 into an icosahedral capsid with T = 7 symmetry is dependent on the gpN capsid protein, the gpQ
connector protein and the gpO internal scaffolding protein. In the presence of the P4-encoded protein Sid, the same proteins are assembled into a
smaller capsid with T = 4 symmetry. Although gpO has long been expected to act as an internal scaffolding protein, it has not been possible to
produce P2 procapsids efficiently in vitro or in vivo due to a failure to express gpO at high levels. In this study, we find that full-length gpO
undergoes proteolytic degradation within 1 h of induction of expression. However, a truncated version of gpO lacking the N-terminal 25 amino
acids (OΔ25) is stably expressed at high levels and is able to direct the formation of P2 size procapsids. In the presence of Sid, OΔ25 is
incorporated into P4 procapsids, showing that Sid overrides the effect of gpO on capsid size determination.
© 2005 Elsevier Inc. All rights reserved.Keywords: Virus; Capsid; Morphogenesis; Scaffold; Size determinationIntroduction
The bacteriophage P2/P4 system is an example of molecular
piracy, in which a plasmid replicon (P4) has evolved the ability
to hijack the structural proteins and assembly machinery of a
genetically unrelated bacteriophage (P2) (Bertani and Six,
1988; Christie and Calendar, 1990; Lindqvist et al., 1993). P2-
like phages are abundant in bacterial genomes (Nilsson et al.,
2004), while P4-like prophages have often been associated with
bacterial functions (Briani et al., 2001). Indeed, bacteriophages
are among the most abundant biological entities on the planet
and are of great importance in bacterial evolution and for inter-
species transfer of genetic material such as virulence factors
(Bergh et al., 1989; Cheetham and Katz, 1995; Venter et al.,
2004).
P2 normally forms a 60 nm icosahedral capsid from 415
copies of capsid protein derived from gene product N (gpN)
(Dokland et al., 1992). In the presence of bacteriophage P4, a⁎ Corresponding author. Fax: +1 205 996 2667.
E-mail address: dokland@uab.edu (T. Dokland).
1 Present address: Institute of Molecular and Cell Biology, 61 Biopolis Drive,
Singapore.
0042-6822/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2005.12.021smaller 45 nm capsid is assembled from 235 copies of gpN-
derived protein (Dokland et al., 1992). By forming a capsid that
can accommodate the P4 genome but is too small to package the
P2 genome, only P4 phage is being produced. This size
determination is effected by the P4-encoded protein Sid (Barrett
et al., 1976; Six et al., 1991).
As in other bacteriophages, P2 and P4 assembly starts with
the formation of an empty precursor capsid, the procapsid. In
addition to gpN, the P2-encoded proteins gpQ (39.1 kDa) and
gpO (31.4 kDa) are also required for the formation of viable
capsids of both P2 and P4 (Lengyel et al., 1973). gpQ forms a
12-fold ring called the connector or portal protein that is located
at the head–tail connection in the mature phage and acts as the
entry and exit portal for the DNA (Rishovd et al., 1994). gpO
was previously shown to be associated with capsid-related
structures during assembly but was not present in the mature
capsids (Lengyel et al., 1973). By analogy with other systems, it
was concluded that gpO comprises the P2 scaffolding protein, a
protein that acts as a chaperone for the assembly process
(Dokland et al., 1999; Fane and Prevelige, 2003). It was later
found that a 17 kDa N-terminal fragment of gpO, originally
identified as h7 and subsequently renamed O*, remained in the
mature capsid after DNA packaging.
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changes (Marvik et al., 1995) and cleavage of the structural
proteins (Marvik et al., 1994b). In addition to the cleavage of
gpO, the gpN capsid protein (40.2 kDa) is N-terminally
processed to N* (36.7 kDa) (Lengyel et al., 1973; Rishovd
and Lindqvist, 1992), while gpQ is N-terminally processed to
the 36.4 kDa cleavage product Q* (Rishovd et al., 1994).
Processing of gpN was found to be dependent on gpO (Lengyel
et al., 1973), which may thus have dual roles as maturational
protease as well as a scaffolding protein.
We previously produced P4 procapsids by co-expression of
gpN and Sid (Dokland et al., 2002; Marvik et al., 1994b) and
showed that 120 copies of Sid form an external scaffold around
the P4 procapsids (Dokland et al., 2002; Marvik et al., 1995;
Wang et al., 2000). Since gpO is dispensable for P4 capsid
formation in the presence of Sid, it was proposed that gpO and
Sid act as alternative size-determining scaffolding proteins
(Marvik et al., 1994b). However, previous experiments with co-
expression of gpN and gpO were not conclusive, due to the low
level of gpO expression attained. In this paper, we revisit this
problem and find that, while full-length gpO undergoes rapid
degradation, gpO lacking the first 25 amino acids is stably
expressed at high levels. Furthermore, this truncated protein
(gpOΔ25) is able to direct the formation of P2 size procapsids
upon co-expression with gpN. In the presence of Sid, gpOΔ25
is incorporated in P4 size procapsids. Using this expressionFig. 1. Schematic diagrams of the clones described in this study. pMal-O and pMal-O
described previously (Marvik et al., 1994b) and contains part of the nativeO operon un
clone also expresses part of the reverse strand of the P gene (αPΔ) and part of M (
(Dokland et al., 2002). The remaining clones express the indicated genes under contro
the genes; the lac operon in pET16 is shown as a shaded block in pOΔ25N and pOsystem, we now have a convenient source of both P2 procapsids
and gpO-containing P4 procapsids, allowing the interaction
between gpN and gpO and the role of gpO in the assembly
process to be analyzed in greater detail by structural methods.
Results
Expression of gpO
Previous attempts to overexpress full-length gpO were not
successful, resulting in extremely low levels of gpO that could
barely be detected with anti-gpO antibodies (Larsen, 1994;
Marvik et al., 1994b). Indeed, full-length gpO appears to be
toxic to the cells, which grow aberrantly upon gpO over-
expression (our observation). However, a truncated form of gpO
lacking the first 25 amino acids and fused at the N-terminus to
34 amino acids derived from the Bluescript vector could be
expressed at high levels (Marvik et al., 1994b). Subsequently,
elevated expression levels were observed for gpO lacking the N-
terminal 10–30 amino acids (Larsen, 1994), leading to the
suggestion that 5′ sequences in the O mRNAwere involved in
autoregulation of expression by analogy with the autoregulation
observed in the P22 scaffolding protein (Wyckoff and Casjens,
1985).
To further examine this phenomenon, we constructed fusion
protein clones expressing maltose binding protein (MBP) fusedΔ25 express MBP fusion proteins of gpO and OΔ25, respectively. pOM4 was
der control of the lac promoter. The native P andO promoters are indicated. This
MΔ). pLucky7 expresses gpN and Sid under control of separate T7 promoters
l of the T7 promoter. Ribosome binding sites are shown as short lines in front of
Δ25NS.
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first 25 amino acids of gpO (Fig. 1).
When full-length gpO was expressed as an MBP fusion
(MBP:gpO), the amount of expressed fusion protein (predicted
size 74.5 kDa) was quite high until about 40 min after induction,
after which it dropped to nil (Fig. 2A). This drop was initially
concomitant with the appearance of a smaller protein band at
about 60 kDa, which also disappeared after about 60 min,
leaving a band at around 43 kDa, presumably corresponding to
MBP (Fig. 2A). Western blotting with anti-MBP and anti-gpO
antibodies confirmed the identity of the bands as MBP:gpO-
derived (Figs. 2C, D), showing that the protein got cleaved. The
size of the 60 kDa band (labeled * in Figs. 2C and D) is
consistent with the size of an MBP fusion with O*, the mature
form of gpO. The 43 kDa band was labeled by anti-MBP, but
not by anti-gpO, confirming that the gpO protein part had been
completely degraded (Figs. 2C, D). A significant amount of the
MBP:O* protein remained after 80 min. In contrast, the MBP
fusion construct lacking the first 25 amino acids (MBP:OΔ25)
accumulated large amounts of soluble protein after N2 h (Fig.
2B). We subsequently found that untagged OΔ15 or OΔ25
could also be expressed at high levels, while OΔ5 did not
express well (not shown).
These results suggest that gpO acts as a protease with
autoproteolytic activity and that removing the N-terminal 25
amino acids abolishes this activity. The toxicity of the protein is
thus likely to be caused by proteolytic activity on cellular
proteins. This activity is likely to be involved in the
maturational cleavage of gpN and other viral proteins during
virus assembly and maturation. It is possible that an additional
effect is caused by downregulation of expression effected by theFig. 2. Coomassie-stained SDS-PAGE from expression of pMal-O (A) and pMal-O
MBP-O fusion protein; (*) cleaved MBP-O. (C, D) Western blot of pMal-O expressio
The arrows indicate the main MBP:gpO-derived proteins.processed gpO as suggested by Rudi and Lindqvist (unpub-
lished data).
Co-expression of gpO and gpN
Expression of gpN alone results in the production of a large
number of mostly aberrant, unclosed shells (Marvik et al.,
1994b; Wang et al., 2000). As in most other phages, correct
assembly of shells is dependent on additional control mechan-
isms extrinsic to the capsid protein. In P2, the main candidate
for such a mechanism is gpO.
Expression of gpN and gpO from the clone pOM4, which
contains the native ON operon under control of the lac
promoter, led to the formation of a few large mostly closed
shells that did not contain gpO (Marvik et al., 1994b). This low
gpO expression level could conceivably be due to native P2
regulatory sequences. Consequently, we generated the clone
pNO, which contains the O and N genes in tandem under
control of the T7 promoter with optimized ribosome binding
sites (rbs) derived from the pET14b vector (Fig. 1). Expression
of gpN and gpO from this clone also led to the formation of
shells. When this material was separated on a sucrose gradient, a
population of large particles (average size 54 nm), which
contained predominantly full-length gpN and no gpO, were
separated from a subset of very small particles (average 28 nm)
that contained largely processed gpN, but no gpO (Fig. 3). The
processed gpN most likely corresponds to N*, the mature form
of gpN found in P2 and P4 virions. N* is not observed in gpN
expressions in the absence of gpO, supporting a role for gpO as
a protease on gpN and possibly other proteins. The absence of
gpO in the final product under these more optimized expressionΔ25 (B), before induction (UI) and at indicated times after induction. Arrows,
n as in panel A labeled with anti-MBP antibody (C) and anti-gpO antibody (D).
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sequences intrinsic to the protein. In light of the MBP:gpO
expression results described above, this most likely involves
autoproteolytic cleavage.
A transient presence of gpO is consistent with its role in vivo,
where it acts during shell assembly but is subsequently removed
prior to or during DNA packaging. It also explains the relatively
poor fidelity of assembly in the co-expression system
(compared to a viral infection) since high level expression of
gpN continues even after the gpO levels drop. Nevertheless,
there are clearly fewer aberrant unclosed shells than upon gpN
expression alone in the absence of gpO (Marvik et al., 1994b).
Indeed, the total number of shells produced by gpN expression
is lower in the presence of gpO, suggesting that the role of gpO
is not in promoting assembly, but rather to prevent the formation
of incorrect interactions.
The timing of protein expression may also be important in
vivo. During an infection, gpN is cleaved only after assembly
has occurred (Marvik et al., 1994a). If gpO causes premature
cleavage of gpN, this cleaved protein is likely to assemble
aberrantly. If the N-terminal 31 residues that are normally
removed by cleavage are involved in a conformational switch,
premature cleavage may manifest itself in the formation of small
T = 1 particles. The size of the small particles observed (28 nm)
is consistent with T = 1 particles made of N* (Fig. 3B).
Co-expression of gpN and truncated gpO
As described above, OΔ25 is defective in autoproteolysis,
leading to high level, stable expression of soluble protein. TheFig. 3. Co-expression of gpN and gpO. Coomassie-stained SDS-PAGE of fractions
length gpO (A). The arrow indicates the direction of sedimentation. The rightmos
fractions 1 and 2 (B and C, respectively) from the pNO gradient. Scale bar, 100 nmclone pOΔ25N contains OΔ25 and N cloned in tandem (Fig. 1).
Expression of pOΔ25N led to the formation of particles that
could be pelleted by centrifugation at 100,000 × g. When this
pelleted protein was run on a 5–20% sucrose gradient, it formed
a band at a position consistent with P2 procapsids (140S;
Bowden and Calendar, 1979) (Fig. 4A). Negative stain EM
revealed a homogeneous population of particles of about 50 nm
diameter, consistent with the size of P2 procapsids, that
appeared to contain material inside, presumably the OΔ25
protein (Fig. 4B).
This result demonstrates that OΔ25 is able to direct the
formation of P2 procapsids and that the N-terminal 25 residues
of gpO are not required for gpN binding. This suggests that the
C-terminal end of gpO binds gpN, similar to the situation in
bacteriophage P22 (Parker et al., 1998).
Comparing the integrated optical densities of the gpN and
gpO bands on a Coomassie-stained SDS-PAGE gel gave a
number of 144.5 ± 18.0 copies of OΔ25 per particle, assuming a
total of 420 copies of gpN. It is of course unclear whether the
gpO-derived protein is organized in an ordered manner or not.
(Note that the errors given are the statistical error on several
independent density measurements. Any systematic errors due
to variability in affinity of the protein for the Coomassie stain
are not taken into account).
After expression of pOΔ25N, a large amount of the gpN
protein remained in the soluble fraction. When the total
pOΔ25N lysate was run on a sucrose gradient, most of the gpN
protein was found in the soluble fraction on top of the gradient
(Fig. 4C). Large amounts of soluble gpN are also observed
during a P2 infection (Marvik et al., 1994a). This is consistentfrom a 5–20% sucrose gradient separation after co-expression of gpN and full-
t lane (P) represents the pellet fraction. Negative stain electron micrograph of
.
Fig. 4. Co-expression of gpN and gpOΔ25 from pOΔ25N. (A) Coomassie-stained SDS-PAGE of fractions from a 5–20% sucrose gradient separation of particles
harvested by pelleting at 100,000 × g. Arrow, direction of sedimentation. Pellet fraction in the rightmost lane. (B) Negative stain EM of peak fraction from panel A.
Scale bar, 100 nm. (C) SDS-PAGE of fractions from a 5–20% sucrose gradient separation of total lysate. Most of the gpN remains on top of the gradient.
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expressions, supporting a role for gpO in “solubilizing” gpN
rather than promoting its assembly. Those particles that were
assembled and entered the gradient, however, were homoge-
neous and perfectly formed. Some of the expressed OΔ25
protein tends to aggregate and ends up in the pellet (Fig. 4C).
Co-expression of OΔ25, gpN and Sid
Expression of gpN in the presence of Sid, either from the
chimeric clone pLucky7 or from the tandem clone pNS, results
in the production of a homogeneous population of P4 procapsid
shells (Dokland et al., 2002). It was shown that, when the pOM4
clone, which expresses full-length gpO and gpN, was infected
with P4, thereby introducing Sid, a mixture of unclosed and
closed shells of various sizes was produced, suggesting that
gpO and Sid acted as competing size-determining factors
(Marvik et al., 1994b).
To examine this competing role of Sid and gpO, we
generated the clone pOΔ25NS, which contains the OΔ25, N
and sid genes in tandem under control of the T7 promoter (Fig.Fig. 5. Co-expression of gpN, gpOΔ25 and Sid from pOΔ25NS. (A) Coomassie-stain
particles. Arrow, direction of sedimentation. Pellet fraction in the rightmost lane. (B1). Expression of this clone led to efficient formation of
particles that formed a band on a sucrose gradient and contained
gpN, OΔ25 and Sid (Fig. 5). Negative stain EM revealed P4
procapsid-like particles of the same size and appearance as
those produced in previous gpN + Sid expressions (Dokland et
al., 2002), except for the presence of some material on the inside
of the shell, presumably corresponding to OΔ25. Optical
density measurement on a Coomassie-stained SDS-PAGE gel
gave a total of 70.8 ± 10.8 copies of OΔ25 per P4 procapsid,
assuming 240 copies of gpN. A similar result (71.3 ± 12.8) was
obtained if the gpO/Sid ratio was considered, assuming 120
copies of Sid (Fig. 5A; Dokland et al., 2002). It is interesting to
speculate that there might be 60 copies of OΔ25 protein
arranged with icosahedral symmetry in these particles, but of
course we have no data to indicate that the internal scaffold
forms an ordered core. Lengyel et al. (1973) estimated that P2
virions contained 55 copies of protein h7, which corresponds to
processed gpO, O* (Rishovd and Lindqvist, 1992), consistent
with our findings. Their number may be an overestimate since
they estimated 544 copies of gpN, while the correct number is
415, or 23% less, giving a corrected number of 42 copies of O*ed SDS-PAGE of fractions from 5 to 20% sucrose gradient separation of pelleted
) Negative stain EM of peak fraction from panel A. Scale bar, 100 nm.
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based on the processed form of gpO found in mature phage,
while our results are based on procapsids, which might be
expected to contain more gpO-derived material than after gpO
cleavage.
It is worthwhile to note that, unlike pOΔ25N, little material
remains in the soluble fraction after expression of pOΔ25NS,
demonstrating that Sid is able to very efficiently convert most
of the soluble gpN protein into procapsids. The same effect
was observed in the absence of gpO (Dokland et al., 2002).
This suggests that the mode of action of Sid and OΔ25 and
their effects on assembly kinetics and/or energetics are very
different.
Discussion
Almost all dsDNA bacteriophages code for a scaffolding
protein that is required for the correct assembly of the
capsid, but is subsequently removed and is not present in
the final mature capsid (Dokland, 1999; Fane and Prevelige,
2003) (a notable exception is HK97, in which an N-terminal
domain of the capsid protein appears to serve a similar role;
Duda et al., 1995).
The O gene product of P2 was originally identified as a
protein that was required for shell formation, interacts with gpN
in a capsid precursor, but is not present in the mature capsid
(Lengyel et al., 1973). Based on these observations, it was
assumed that gpO comprised the P2 scaffolding protein by
analogy with other bacteriophage systems (Linderoth et al.,
1991; Marvik et al., 1994b). It was later determined that protein
h7, present in ≈55 copies/capsid corresponded to O*, a
processed form of gpO that comprises the N-terminal half of
the protein (Rishovd and Lindqvist, 1992). Co-expression
studies suggested that Sid and gpO acted as alternative size-
determining scaffolding proteins (Marvik et al., 1994b). We
subsequently found that Sid formed an external scaffold on the
P4 procapsids and that morphogenetically correct P4 procapsids
could be formed from gpN and Sid alone (Dokland et al., 2002;
Marvik et al., 1995; Wang et al., 2000). Thus, gpO is
dispensable for P4 procapsid formation. However, gpO is still
required for the formation of viable P4 phage in vivo (Six,
1975), suggesting that gpO has other essential roles in both P2
and P4 assembly, such as incorporation of the gpQ connector,
processing and maturation of the capsid and interaction with the
DNA.
It has been suggested that gpO is under translational
autoregulation (Larsen, 1994), similar to that described for the
P22 scaffolding protein (Wyckoff and Casjens, 1985). Here, we
show that full-length gpO undergoes rapid degradation,
suggesting that gpO is instead regulated by autoproteolysis.
These two mechanisms are not mutually exclusive, however,
and it is possible that the processed gpO inhibits further gpO
expression (Knut Rudi and Bjørn H. Lindqvist, personal
communication).
One role of gpO is in the control of fidelity during P2
procapsid assembly. Our results suggest that, while gpO and Sid
both act as scaffolding proteins, their modes of action aredifferent. gpN alone assembles into aberrant shells, and, in the
presence of Sid, most of the gpN protein is incorporated into P4
procapsids (Dokland et al., 2002). On the other hand, the
presence of gpO does not appear to drive the assembly towards
formation of large capsids. Instead, a large amount of gpN
remains unassembled in the soluble fraction (Fig. 4C). This
suggests that, while Sid acts as a promoter of assembly, strongly
biasing the assembly equilibrium towards particle formation,
gpO works more like a traditional chaperone by keeping the
gpN substrate solubilized until correct interactions required for
assembly are formed. This is consistent with the role of Sid in
overriding the size-determining effect of gpO, leading to
efficient formation of P4 procapsids even on a background of
a P2 infection containing functional gpO.
Lengyel et al. (1973) showed that gpN processing is
dependent on gpO, supporting a role for gpO in capsid
maturation as well as assembly. We find an increase in the
amount of N* when gpN is co-expressed with full-length gpO,
supporting this role for gpO (Fig. 3). Cleavage of gpN has also
been shown to be a trigger for P4 procapsid assembly in vitro
(Wang et al., 2003). Failure to cleave gpN may therefore lead to
a failure of the capsid to mature and package DNA. In a P2
infection, cleavage of gpN occurs only after assembly of the
capsid (Marvik et al., 1994a). Premature cleavage of gpN may
thus lead to the assembly of aberrant particles, such as the small
shells observed here (Fig. 3). In vivo, correct timing of gpO/
gpN expression and cleavage may therefore be crucial for
correct assembly to proceed. On the other hand, cleavage of
gpO may be required for scaffold removal and subsequent DNA
packaging. Lengyel et al. (1973) found that gpO and gpN
cleavage was interdependent. In our experiments, however, gpO
is cleaved, probably by itself, in the absence of gpN. This dual
role as scaffold and protease is observed in other systems, such
as herpes simplex virus (Kennard et al., 1995).
Unlike most other viruses, a large part (the 17 kDa O* or h7
protein) of the scaffolding protein remains inside the capsid
after maturation and DNA packaging (Lengyel et al., 1973;
Rishovd and Lindqvist, 1992). Interestingly, the N-terminal part
that remains inside the capsid does not appear to be the part that
interacts with gpN since removal of the first 25 residues of gpO
does not affect its ability to bind gpN and facilitate capsid
assembly.
We propose the following course of events occurring during
P2 and P4 assembly: gpO binds to gpN and is incorporated into
the completed capsids during assembly. Whether it forms a
complete and ordered core is unknown, but there is a substantial
amount of gpO-derived protein (144.5 ± 18.0) present in the P2
procapsid, at least when cleavage is inhibited (as in OΔ25).
Self-cleavage of gpO then releases O*, which retains protease
activity and is able to cleave gpN. Cleavage of gpN enables the
capsid to expand, though it is possible that the expansion itself
occurs concomitantly with the DNA packaging. The C-terminal
half of gpO is probably cleaved into small pieces that escape
from the capsid upon DNA packaging. The number of copies of
gpO-derived protein (OΔ25) we observe is greater than the
number of h7 (O*) molecules previously found in virions
(Lengyel et al., 1973), suggesting that some of the O* molecules
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known whether the remaining O* molecules serve an additional
function in the capsid, but it is conceivable that they are
involved in either packaging, organization or ejection of the
DNA.
An additional role for gpO in capsid assembly may be the
incorporation of the gpQ connector. Such a role for
scaffolding protein is found in phage ϕ29 (Guo et al., 1991;
Lee and Guo, 1995). Previous experiments have shown that
gpQ is not incorporated into P4 procapsid shells assembled in
vitro (unpublished results). Shells lacking gpQ would not be
able to package DNA and would not be viable. Studies are
underway to see if gpQ gets incorporated into shells in the
presence of gpN and gpOΔ25. However, even if the connector
does get incorporated in the shells, such shells are still
unlikely to be active in DNA packaging since gpO and gpN
would not get processed, the scaffold would not be removed,
perhaps blocking DNA from entering, and the shells would
fail to mature.
In conclusion, P2 and P4 assembly depends on a remarkably
fine-tuned interplay of assembly, processing and disassembly
events that goes beyond simply having the correct proteins
present at the same time.
Methods
Cloning and expression of maltose binding proteins
The MBP:gpO and MBP:OΔ25 fusion protein constructs
(pMal-O and pMal-OΔ25, respectively) were generated in the
clone pMal-c2X (New England Biolabs), which contains a
Factor Xa cleavage site between MBP and the sequence of
interest (Fig. 1). Cloning and expression of the fusion proteins
were done in the rec− E. coli strain DH5α (Invitrogen). For
expression, cells were grown at 37 °C in LB until OD600 = 0.6,
and expression was induced by the addition of 0.5 mM IPTG.
Samples were taken at different times post induction, run on
SDS-PAGE and stained with Coomassie blue.
For Western blotting, the SDS-PAGE gels were transferred
to nitrocellulose using a Bio-Rad Trans-Blot semidry cell. The
blots were labeled with either mouse anti-MBP (New England
Biolabs) or a rabbit polyclonal anti-gpO antibody raised
against a lacZ-gpO fusion protein (Marvik et al., 1994b) (gift
from Björn H. Lindqvist, University of Oslo) in phosphate-
buffered saline (PBS) with 0.05% Tween 20 and 5% milk
blocker then with HRP-conjugated goat anti-mouse IgG
heavy-chain (Southern Biotech, Birmingham) secondary
antibody and developed using the Opti-4CN detection kit
(Bio-Rad).
Cloning and expression of tandem clones
The original gpN-expressing clone pTL1 (Marvik et al.,
1995) contains the N gene under control of the T7 promoter in
the pET14b (Novagen) vector. The full-length O gene was
inserted into the BamHI site after N in the same clone,
generating the clone pNO (Fig. 1). The tandem clone pNS thatexpresses gpN and Sid from the T7 promoter was produced
similarly. The clones pOΔ25N and pOΔ25NS were produced
by cloning the O, N and sid genes in the appropriate order into
the pET16b (Novagen) vector using the multiple cloning site
(Fig. 1). Cloning was done in E. coli strain DH5α (Invitrogen),
while expression was done in BL21(DE3) pLysS (Novagen).
Cells were grown at 37 °C in LB with 100 μg/ml ampicillin
until OD600 = 0.6, and expression was induced by the addition
of 0.5 mM IPTG. The cells were harvested after 2 h,
resuspended in lysis buffer (100 mM Tris pH 7.4, 200 mM
NaCl, 1% Triton X-100 and 0.5% deoxycholate) and frozen at
−20 °C overnight. After thawing, small cultures were lysed by
sonication, while large cultures were lysed by 2× passage
through a French Press (Thermo) or an Emulsiflex EF-C3 high
pressure cell disruptor (Avestin, Inc.).
The lysates were clarified by centrifugation at 17,000 × g
for 30 min. The clarified lysates were either first pelleted by
centrifugation at 100,000 × g for 1 h and resuspended in
procapsid buffer (50 mM Tris–HCl pH 8.0, 100 mM NaCl, 10
mM MgCl2) or loaded directly on a 5–30% sucrose gradient in
procapsid buffer and centrifuged for 2 h at 30,000 rpm
(110,000 × g) in a Beckman SW 41 rotor. Fractions from the
sucrose gradients were collected manually and analyzed by
SDS-PAGE and negative stain electron microscopy. For
negative stain EM, samples are applied to glow discharged
carbon-coated grids, stained with 1% uranyl acetate and
observed in a JEOL JEM-1010 or a JEM-100CX electron
microscope at a typical magnification of 50,000×.
The number of gpO molecules per capsid was estimated by
densitometry using the program ImageJ (W. Rasband, National
Institutes of Health, http://rsb.info.nih.gov/ij/) to analyze the
scanned Coomassie-stained SDS-PAGE gels. After subtracting
the background, the densities under the bands arising from gpN,
gpO and Sid were integrated, the mass density ratios were
calculated and normalized for the molecular weight of the
proteins to give a molar ratio. The measurements from lanes
with different total density were averaged, and a standard error
was calculated. The known ratio between gpN and Sid was used
as an indicator of the accuracy of the measurements for the
pOΔ25NS gel. The average ± SE for all lanes was 137.6 ± 23.0,
in reasonable agreement with the previously calculated value of
120 Sid per capsid (Dokland et al., 2002).Acknowledgments
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